I. INTRODUCTION
RUSHLESS permanent magnet synchronous machines (PMSM) are widely used in traction applications, since they offer the greatest efficiencies and the highest torque per volume [1] . Although a lot of research and development to fault tolerance machines has been done [2] , a main concern remains about the behavior of the PMSM under faulty conditions. Common electromagnetic crashes are turn-to-turn and turn-to-tooth faults in the electrical machine and breakdown of the semiconductors in the power converter. Industrial machines have a failure rate of 1.0x10 -6 per hour due to turn-to-turn faults, which is equivalent to 16% of the total defects [3] . Turn-to-turn faults are mainly caused by insulation breakdown due to over temperature, ageing and vibrations in the machine. This type of defect is hard to detect and propagates rapidly in the remaining turns of the slot. Therefore, a turn-to-turn fault is the major cause of a motor breakdown.
The short-circuit current after a turn-to-turn fault reaches almost a value of n s times the rated current (with n s the number of conductors per slot) and is difficult to limit due to the uncontrollability of the field produced by the permanent magnets in the machine [4] . The mmf generated by the high value of short-circuit current in combination with the armature reaction mmf, creates a temperature rise in the machine and could demagnetize the permanent magnets and thereby permanently damage the machine [5] - [6] . Furthermore, the increased copper losses due to the high short-circuit current, cause a temperature rise in the coils and the slot. This may result in an insulation breakdown between the turns and the tooth, which leads to a turn-to-tooth shortcircuit. This type of failure can be detected easily, since a current will flow from the tooth to the ground.
To evaluate the temperature distribution in the armature slot of a PMSM after a turn-to-turn failure, a detailed [7] - [8] . The models are used for steadystate and transient thermal analysis of a complete machine. To reduce the complexity of the models, the machine is simplified into main components, each of them being modeled by a single thermal resistance [7] . The heat transfer is assumed to be mainly in radial direction leading to equivalent thermal networks for different angular spans of the motor, as was done in [8] for the PM motor.
Following the same modeling ideas as in [7] and [8] , this paper presents a detailed LP thermal model of a slot of a PMSM. In section II, a detailed description of the slot and the thermal assumptions for the model are given. To simplify the lumped parameter model, symmetry in the slot is analyzed, and five equivalent thermal sub-models are presented in section III. The sub-models are duplicated to construct a complete LP model of the slot. In section IV, the steady-state thermal behavior of the slot after a turn-to-turn fault is simulated and verified with FEM thermal simulations. The LP thermal model is modified for transient analysis in section V. Finally, the transient thermal behavior of the slot after a turn-to-turn failure is evaluated in section VI to predict the processing damage in the slot.
II. SLOT OF THE PMSM

A. Geometric description
The geometry of a slot in the investigated PMSM is shown in Fig. 1 . The slot contains two coils, each consisting of seven equivalent turns. The coils are separated by coil spacers and a wedge is placed between the airgap and the coils. To overcome a turn-to-turn and turn-to-tooth fault in the machine, several layers of insulation are placed around a coil. First of all, each turn has an individual layer of insulation. Second, a complete coil is covered with a bandage, and finally, the remaining area in the slot is filled with an epoxy varnish. Due to the angular symmetry in the machine, only half of a slot needs to be modeled to obtain a complete overview of the temperature distribution in the PMSM.
B. Thermal assumptions
To simplify the LP thermal model, a number of assumptions are made:
• At the left and right boundaries of the model, as shown in Fig. 1 , heat transfer is assumed in radial direction due to symmetry in the machine. This results in a boundary condition with no heat conduction, convection or radiation in angular direction.
• To simulate the worst-case steady-state scenario, no heat transfer is assumed into the airgap. This results in a boundary condition with no heat convection, conduction or radiation at bottom of the LP model.
• At the top of the stator yoke a fixed temperature of 100°C is assumed.
• Inside the model, heat transfer is assumed by means of conduction.
• Under normal conditions a total of 100 W is dissipated due to the copper losses in the turns of half the slot.
• An ambient temperature of 40°C is assumed in all the thermal simulations.
C. Heat flow
To model the temperature distribution in the slot, a FEM thermal model of the slot is created in Flux [9] , based on the geometric layout and the boundary conditions. A steadystate simulation is conducted, where the losses are equally distributed over the turns and no turn-to-turn failure is assumed. The temperature distribution obtained from the FEM simulation is shown in Fig. 2 . The figure shows heat transfer in radial direction in the tooth and in the coils. In the insulation layers between the coils and the tooth, heat is transferred in angular direction. The direction of the heat transfer is taken into account in the LP thermal model of the slot.
III. LUMPED PARAMETER MODEL To reduce the complexity of the LP model of the slot, the geometry is divided into five regions and each region is individually modeled by a thermal equivalent circuit. The models are implemented in Portunus, a numerical simulation program from Adapted Solution distributed by CEDRAT [10] . Portunus has the possibility to create sub-models which can be connected to each other in a main model. This makes the program very suited for this construction approach of the LP thermal model.
The geometry of the slot is divided in radial direction into five regions, as shown in Fig. 1 . Region I represents the part of the slot from the airgap up to the top coil, region II represents the top coil, region III represents the coil spacer, region IV represents the bottom coil and region V represents the area between the bottom coil and the yoke of the machine. In angular direction, each region is created from the middle of the slot to the middle of the tooth. Region II and IV cover a large part of the slot, sharing many identical elements, and are therefore further divided into two subregions, as shown in Fig. 3 . Sub-regions A represent the coil insulation and sub-regions B represent conductors including the insulation around it. The modeling of the slot results in five unique submodels, which are used multiple times to create the complete LP thermal model of a slot in the PMSM. In the next section each sub-model is described in more detail.
A. Detailed description of the sub-models
A thermal equivalent circuit is created for each region, by representing the thermal properties of each type of material in the region by a conductive thermal resistance. The conductive thermal resistance, R x , is defined by
where Δl is the length of the part, k is the thermal conductivity of the material, A is the cross section through which the heat is transferred, and subscript x represents the modeled component. The thermal equivalent circuit for region I is shown in Fig. 4 . Since no heat transfer is assumed into the airgap, no thermal connection into the airgap is created. From the airgap, the heat transfer in radial direction is separately modeled for the tooth and wedge, spacer and epoxy layer in the region. In region III, heat is transfered in radial and angular direction in the coil spacer and in radial direction in the tooth, resulting in the thermal equivalent circuit shown in Fig. 5 . In region V, heat is transferred in radial direction through the spacer and the tooth to the yoke of the machine. Since the temperature distribution in the yoke of the machine is not a point of interest, it is modeled by a single thermal resistance, as shown in Fig. 6 . Region II and IV are constructed out of two sub-regions. Figure 7 shows the thermal equivalent circuit for sub-region A. The region consists of a part of coil insulation and of a part of the tooth. Since both have a heat transfer in radial direction, no interconnection between the two materials has been made. The thermal equivalent circuit of sub-region B is shown in Fig. 8 . The copper losses in the conductor are modeled by an equivalent thermal heat source, q. The source is connected to the thermal resistances of the insulation around the conductor. In this layer of insulation, heat is transferred in radial and angular direction. Furthermore, in angular direction heat transfer is also modeled through the different layers of insulation from the conductor to the tooth. In the tooth the heat is transferred again only in radial direction. Finally, the different regions are used as building blocks to create the complete LP thermal model of the slot, which is schematically shown in Fig. 9 . An equivalent subdivision similar to region II is used in region IV and therefore, not presented in the figure.
B. Model verification
To validate the LP model a steady-state simulation is conducted and compared with the FEM thermal model. In both models the temperature is obtained in the middle of each conductor and at the same radius in the middle of the tooth. The temperatures in the conductors and tooth are shown in Fig. 10 and in Fig. 11 , respectively. Between the LP and FEM model, a maximal error of 1°C is found in the temperatures in the conductors and 0.25°C in the temperatures in the tooth. A good agreement is found between the temperatures in the LP and the FEM model.
IV. STEADY-STATE SHORT-CIRCUIT SIMULATIONS
A turn-to-turn failure can occur in each of the 14 turns in slot. To find the worst-case scenario, a turn-to-turn failure in each of the 14 turns is individually simulated under steadystate. In this series of simulations, 60W is applied to the conductor in the faulted turn and no copper losses are assumed in the remaining conductors. The simulations are conducted and the temperature is obtained in the middle of each conductor. The complete set of steady-state temperatures from all 14 simulations is shown in Fig. 12 , where each curve represents a single simulation. The black dot indicates in which conductor the turn-to-turn failure is assumed. From the figure a number of conclusions can be drawn:
• Higher temperatures after a turn-to-turn failure can be obtained in the conductors in the top part of the slot, i.e. close to the airgap.
• A turn-to-turn failure in one half of the slot has hardly influence on the temperature rise in the other half. This shows that the coil spacers are good thermal isolators. Overall, the highest temperature is found, during a turn-toturn failure in the closest conductor to the airgap. A turn-toturn failure in this turn will be referred as the worst-case scenario. 
A. Validation
To verify the steady-state simulation for the worst-case scenario, a similar simulation is conducted with the FEM thermal model. The temperatures in the middle of the conductors are obtained from both models and shown in Fig.  13 , and a good agreement is reached again. 
V. TRANSIENT LUMPED PARAMETER MODEL
A turn-to-turn failure is hard to detect and can produce major damage to the machine before a turn-to-tooth failure is noticed. To investigate the temperature increase as a function of time after a turn-to-turn failure, the steady-state model is modified into a transient model. In the next sections, the main modifications are described.
A. Modification to the LP thermal model
Three modifications are applied to the steady-state LP thermal model. First, thermal capacities are added in the LP model to allow heat storage in the different components. The thermal capacity of a component can be obtained by
where C p is the material heat capacity in (J / kg deg), ρ is the mass density and V-the volume of the component. In subregion B, heat capacity is added to the conductor and to the tooth and neglected in the insulation and epoxy layers in the region. The modified thermal equivalent circuit for subregion B is shown in Fig. 14 . Furthermore, in other regions thermal capacity is added to the different spacers and parts of the tooth since they cover a large volume, again thermal capacity is neglected in the insulation layers. Second, the thermal heat source is made proportional to the current flowing through the turn. The transient heat source is shown in Fig. 15 . The model has an electric network which consists of a current source, I turn , and a temperature dependent resistance, R turn . The wattmeter, WM, transfers the electrical power into an equivalent thermal dissipation and feeds this into the thermal network. Meanwhile, the temperature in the thermal network, T turn , is obtained and used to modify the value of R turn , which increases the electrical dissipation and vice versa. Table I . It is assumed that the insulation material looses its thermal properties after it has reached a temperature of 220°C. Therefore, a second state machine is inserted into the model to change the thermal properties of the insulation during the simulation if the middle of the part reaches the maximal temperature.
B. Boundary conditions
Beside modifications of the model, the boundary condition at the airgap is also modified. Due to the rotating of the rotor, natural convection is assumed between the airgap and the wedge and tooth in region A. 220°C and both turns are short-circuited. The figure shows that the temperature in both turns averages. This process continues and after twelve seconds of simulation, all turns in the top coil have been short-circuited with each other. Figure 17 shows the temperature development for the next 25 seconds of the transient behavior. The temperature in the turns is rising slowly and decreasing when the coil insulation gets locally damaged. Finally, 37 seconds after the turn-to-turn failure, the temperature drops significantly since the complete insulation between turn 14 and the tooth is damaged, resulting in a turn-to-tooth fault.
VII. CONCLUSION
A detailed steady-state and transient lumped parameter thermal model of an armature slot in a permanent magnet synchronous machine has been presented in this paper. The complexity of the model has been reduced by developing five different thermal equivalent models. Good agreement has been found between steady-state LP model and a FEM thermal model.
The steady-state model has been modified into a transient model, which has been used to predict the damage caused in the slot after a worst-case turn-to-turn failure. It can be concluded that the initial turn-to-turn failure most likely spreads into the other conductors in the same slot, finally leading to a turn-to-tooth failure if it is not detected in time.
It should be noticed that the thermal assumptions made to the insulation material have not been verified experimentally. However, the interest of the investigation lies in the modeling principles and implementation of a highly non-linear combined electromagnetic and thermal system, rather than in the numerical results of the case study. 
